We investigated the occurrence of 14 selected antibiotics including five therapeutic classes of tetracyclines, sulfonamides, macrolides, fluoroquinolones and chloramphenicols in manures collected from four swine farms of different sizes in eastern China. Tetracyclines (tetracycline, oxytetracycline, chlortetracycline, and doxycycline) and sulfadiazine were the most prominent contaminants in the manure samples, with maximum concentrations reaching 98. , 37.2× 10 3 , and 7.1× 10 3 μg/kg, respectively. The occurrence of these compounds was dependent on breeding scale, animal type, and breeding season. Manure storage and vermiculture were not able to effectively deplete the heavier contaminants (tetracyclines and sulfadiazine), resulting in high levels of these chemicals remaining in manures. Therefore, the occurrence of these antibiotics in agricultural soils (0.1-205.1 μg/kg) collected from four types of agricultural land (pear orchard, tea plantation, bamboo forest, and paddy field) near the studied farms, was a reflection of manure application. However, the extremely high concentrations of antibiotics in manures were unlikely from feed consumption, but from other direct forms of medicine application. veterinary antibiotics, pigs, swine farm, manure, feed, manure management
Veterinary antibiotics are widely used to treat disease and protect the health of animals. Farmers often use these drugs in animal husbandry to improve and maintain the viability of their operations. Antibiotics play a major role in livestock production and their use has been increasing globally [1, 2] . However, they are poorly absorbed by animals, resulting in as much as 30%-90% of the parent compound or its metabolites being excreted in feces and urine [2, 3] . Significant concentrations of veterinary antibiotics have been detected in wastes from livestock farms, and also in environmental matrices such as surface waters, groundwaters, and soils [4] [5] [6] [7] [8] . Many questions have arisen about the potential negative impacts of veterinary medicines on organisms in the environment and on human health [1, 9, 10] .
Drugs are delivered to animals through feed or water, or by injection, implant, drench, paste, orally, topically, pour on, and bolus. Most livestock operations in the United States (about 91%) use antibiotics in feed to prevent disease and promote growth during the production process [2] . Antibiotic dose in feeds varies from 3.0 to 220.0 g/kg, depending on sizes and types of animals, and medicines [8] . However, the prescription patterns (delivery route and dose) seem to be more complex in China, perhaps owing to a lack of management systems for medicine application and the backwardness of operations. Considerable variation among different farms, breeding seasons, and breeding scales, therefore occurs in the use of veterinary antibiotics. In China, more than 8000 t of antibiotics are currently used in intensively managed animal husbandry each year [11] . This means 2400-7200 t of antibiotics will be discharged into the environment every year by livestock industries, assuming excretion rates of 30%-90%. In fact, very high concentrations of veterinary antibiotics (up to hundreds of mg/kg or μg/L) have frequently been found in animal excreta in China [8, 12, 13] . Therefore, surface waters, agricultural soils, and groundwaters, which have directly or indirectly received treated or untreated wastes, may display high levels of antibiotic contamination [7, 14, 15] . Unfortunately, there has been no attempt to control the widespread distribution of these compounds in the environment. Current projects, based on wastewater treatment plants and manure storage/compost facilities, are primarily designed for control of conventional pollutants such as nitrogen, phosphorus, chemical oxygen demand (COD) and pathogens [11, 16] . Veterinary antibiotics and their degradation products may potentially degrade further during operating processes, depending on the physicochemical properties and structure of the antibiotic [11, 17] . In contrast, some compounds may persist for days to months, including metabolites reverting to parent compounds [18] .
Pig breeding is a main part of animal husbandry in China, with a total number of 107308×10 4 head raised in 2008 [19] . This indicates that large quantities of veterinary antibiotics will be used, resulting in severe environmental pollution. However, most concerns are directed at nutrient problems derived from animal husbandry because of eutrophication in Chinese surface waters [20, 21] . Our main objectives were therefore (i) to investigate the occurrence and variation of selected antibiotics in manures from different pig feeding operations, (ii) to study the residues of selected antibiotics in manure during manure management, and (iii) to make a preliminary assessment of the contributions of feed additives to the contamination levels of selected antibiotics in manures and soils.
Materials and methods

Chemicals and standards
Fourteen selected antibiotic compounds were purchased from Sigma-Aldrich Corp., St. Louis, Missouri, USA (Table  1) .
13 C 3 -caffeine solution (100 μg/mL in methanol) was obtained from Cambridge Isotope Laboratories Inc.(Andover, Massachusetts, USA). HPLC grade methanol, analytical grade formic acid (99%), citric acid-monohydrate, sodium phosphate-dibasic anhydrous, and disodium ethylene diaminetetraacetic acid (Na 2 EDTA) were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All the antibiotics were dissolved in methanol and stored in a freezer; working solutions were prepared immediately before the experimentation by dilution of stock solutions. Erythromycin-H 2 O, the major degradation product of erythromycin, was obtained by acidification of erythromycin using the method described by Mcardell et al. [22] . Ultra-pure water was prepared with a Milli-Q water purification system (Millipore, Bedford, Massachusetts). Oasis HLB cartridges, 6 mL/500 mg, used for solid-phase extraction (SPE), were purchased from Water Oasis Co. (Milford, Massachusetts) and SAX cartridges (3 mL/500 mg) combined with HLB cartridges and used in wastewater preparation were sourced from Supelco Co. (Bellefonte, Pennsylvania, USA).
Sample location and collection
The pig farms selected for study were located in a suburb of Hangzhou City, Zhejiang Province, East China, where severe pollution has occurred due to rapid economic development Manure samples from the farms were collected from finishing pigs except for farms B and D, in which sows or young pigs were also studied in spring. Manure samples were collected at a depth of 10 cm below the surface layer in manure heaps. Ten discrete subsamples were collected, and composite samples were prepared by mixing equal quantities of subsamples. About 500 g of each final sample, selected by the quadripartite method, was taken to the laboratory and stored at -20°C prior to analysis. To evaluate the contamination sources of the antibiotics present, four types of swine feed were also collected from farm A and B. Feed samples were quartered from the feedbags, placed in PVC bottles and stored at -20°C until analysis. The wastes from two manure disposal processes (manure storage and vermiculture) were also collected to investigate antibiotic residues. These solid samples were collected in a similar fashion to the manure samples. In addition, four surface soil samples were collected from agricultural fields (pear orchard, tea plantation, bamboo forest and paddy field) near the farms (< 5 km). At each field, ten subsamples (at a depth of 0-20 cm over 1000 m 2 ) were collected and bulked together to form one composite sample. The final 1 kg of soil from each field was selected by the quadripartite method and taken to the laboratory.
Sample preparation
All samples were subjected to ultrasonic extraction coupled with SPE following procedures previously described for solid samples (soil or manure) [12, 23] . Samples were freeze-dried using a FreeZone 2.5 L Freeze Dry System (Labconco Corp., Kansas City, MO), and then ground to pass through a 0.85 mm sieve (0.3 mm for soils) and homogenized before extraction. The samples (1.000 g of manure; 2.000 g of feeds and soils) were ultrasonically extracted in glass centrifuge tubes with 20 mL of 1/1 (v/v) methanol/EDTA-McIlvaine buffer (pH 4.0) for 30 min. Extracts were then separated by centrifugation and the process was repeated three times. Supernatants were combined and evaporated to half the original volume (total 60 mL) using K-D apparatus to remove the methanol. The residual liquid was then diluted to 100 mL.
Diluents were cleaned up and extracted using SAX-HLB SPE cartridges set up in tandem and pre-conditioned sequentially with 10 mL of methanol and 10 mL of ultra-pure water, at a flow rate of approximately 5.0 mL/min. Samples were then passed through SPE columns at a flow rate of approximately 3.0 mL/min. After the water had passed through the combined cartridges, the SAX columns were removed and the HLB cartridges were rinsed with 10 mL of ultra-pure water and dried under nitrogen gas for 30 min at a flow rate of 2-4 mL/min. After drying, each cartridge was eluted with 2 mL methanol (containing 0.1% formic acid (v/v)) with a retention time of 2-3 min and then with 8 mL methanol at a rate of < 3.0 mL/min. Analytes were collected in a 15 mL brown glass vial and the volume was reduced to under 1.0 mL by purging with nitrogen. A 10 μL volume of internal standard ( 13 C 3 -caffeine, 1.0 mg/L) was added and mixed with the residual liquid, and the final volume in each vial was adjusted to exactly 1.0 mL with methanol for ultra performance liquid chromatography (UPLC) analysis.
UPLC and MS-MS system
To separate antibiotic residues, we use ultra-performance liquid chromatography-and electrospray ionization tandem mass spectrometry with a TQ Detector (Acquity, Waters Corp., Milford, Massachusetts, USA). Samples were separated on a Waters Acquity UPLC BEH C18 column (1.7 μm, 2.0 mm × 100 mm) maintained at 30°C. The mobile phase A consisted of 99.9% water and 0.1% formic acid, and mobile phase B consisted of 99.9% methanol mixed with 0.1% formic acid. The gradient elution was set as follows: beginning at 90% A, 0-2 min linear gradient to 80% A, 2-7 min 20% A, 7-10 min linear gradient to 10% A, then the eluent was brought to 100% B and maintained for 10 min. The injection volume was 5 μL and the flow rate was 0.3 mL/min. Ionization was performed in the positive mode for tetracyclines, sulfonamides, macrolides, and fluoroquinolones and in the negative mode for chloramphenicols. MS/MS was operated at unit resolution in the multiple reactions monitoring (MRM) mode. Source conditions were optimized as follows: spray voltage +4000 V; transfer capillary temperature 290°C; argon was used as the collision gas at a pressure of 1.0 mTorr (1 torr = 133.322 Pa). Determination was performed in the selected reactions monitoring mode using the two most intensive and specific fragment ions with a scan width of 0.06 s. Optimized MS/MS parameters for the target antibiotics are shown in Table 1 .
Quality assurance and quality control
Sample concentrations were calculated using the internal standard ( 13 C 3 -caffeine) method, except for the chloramphenicols (chloramphenicol, thiamphenical, florfenicol) which were calculated using an external standard method. Calibration lines of seven concentration points (1.0, 2.0, 5.0, 10.0, 20.0, 50.0 and 80.0 μg/L in methanol containing 0.1% formic acid, v/v), were used for quantification of individual antibiotics. The linearity of the calibration curve in this range was confirmed with a high linear correlation coefficient (R 2 > 0.99). For manures and feeds, validations of the analytical method (e.g., the limits of quantification and recovery) were difficult to determine because the samples already contained some of the selected analytes (e.g., tetracycline, oxytetracycline, chlortetracycline, and sulfadiazine) and matrix interference was pronounced. Moreover, these validations are often done by spiking a standard solution before extraction, without any aging procedure, being a mean of validating the quantification of a spiked solution in an aqueous sample. In addition, ultrasonic extraction with methanol/EDTA-McIlvaine buffer has been successfully used for antibiotic analysis of manure by numerous workers [12, [24] [25] [26] . We therefore, evaluated the quantification method (detection limits and recovery) of SAX-HLB SPE (clean-up and post-extraction), by spiking with a concentration (50 ng/L) in lake and tap water prior to SPE. The recovery rates (69.7%-92.5%) were applied to clean-up this SPE extraction in our analysis of antibiotics (Table S1 ).
Results and discussion
Occurrence of veterinary antibiotics in collected manures
The occurrence of selected antibiotics in manures is presented in Figure 1 3 , and 7.1× 10 3 μg/kg, respectively. The tetracyclines detected in these farms were in a similar order of magnitude to data previously collected from other swine farms in China (Figure 1(b) ). This implies frequent use of these medicines in swine breeding. However, the occurrence profiles of these compounds in manures differed from the published data. It was likely that this was due to differing individual antibiotic prescription patterns in the local area studied. Greater attention must be given to bacterial resistance to tetracyclines, because tetracycline resistance genes have been found to be widespread in environmental matrices (there are more than 38 tetracycline resistance genes) [30, 31] . In addition, tetracyclines are present in extremely high concentrations (μg/L) in wastewater from Chinese swine feedlots [32] [33] [34] ; probably suggesting the ubiquitous application of these antibiotic in pig breeding. There is worldwide occurrence of tetracyclines (especially OTC and CTC) in lagoon samples or manures from livestock husbandry [25, 26, [35] [36] [37] ; perhaps suggesting that these chemicals can be used as semi-quantitative markers in environmental research, as higher levels indicate higher inputs of livestock wastes.
Sulfonamides (including SD, SMX and SMT) occurred at lower detectable levels in manures (Figure 1(a) ). This concurs with the findings of Zhao et al. [8] , in which these compounds in pig dung collected from 8 provinces of China were below 0.84 mg/kg. However, the levels of SMT and SMX that we found were much lower than in manures studied in the city of Tianjing, in North China, where concentrations ranged from 3.3-24.8 mg/kg for SMT and 0.23-5.7 mg/kg for SMX [7, 12] . That these compounds were detected less frequently than tetracyclines may be due to the weak adsorption of sulfonamides and their tendency to persist in aqueous samples; high levels have been detected in swine wastewater [32, 33] . NFC was also present at lower concentrations than reported by Zhao et al. [8] (0.56-5.50 mg/kg), but OFC was higher than found by Hu et al. [7] (approximately 15.7 μg/kg). These differences were possibly due to differing prescription patterns in different areas, because variation in the occurrence of these medicines in swine wastewater has also been found [4, 33, 34] . NFC and OFC can reach levels that are tens of μg/L in swine wastewater in central China (Hubei Province) and in Iowa and Ohio in the USA [4, 33] . Macrolides (ETM-H 2 O and RTM) and chloramphenicols (CPC, TPC and FFC) have been less frequently investigated in swine manure and we found them present at low concentrations. However, the detection of CPC in swine manures was likely the result of illegal use of this prohibited medicine; it has similarly been detected in chicken manure in Tianjing, North China [12] . Greater attention must be given to environmental contamination by this compound because of its relationship with plastic anemia in human. In fact, existing levels of CPC in river water or groundwater are relatively high at some Chinese sampling sites [7, 38] , implying a serious environmental risk from this antibiotic at these locations.
Variation in antibiotic levels among manures from different farms and animal types
Animal operations may vary widely in the administration of medicine due to their different breeding performances, and the prescription pattern for different animal types and breeding seasons might also differ on the same farm. As a result, the occurrence of antibiotics in manures from a range of farms, animal types, or sampling seasons, understandably varies. Figure 2 shows the variation we found in levels of antibiotics present in manures. Among the main contaminants, CTC was the dominant residue in intensive operations, in contrast with OTC in individual household breeding (Figure 2(a) ). This may have been due to the lower budget of the household breeding operation, because OTC is cheaper than CTC (http://www.syyl.org/index.asp). However, comparing the contaminating antibiotics in manures from these farms is complicated. Larger scale breeding feedlots did not show higher contamination levels of the veterinary drugs in the manures. Indeed, the smaller units showed the highest levels of some compounds ( Figure  2(a) ). Drug administration strategies and operational experience may explain the variation in occurrence of antibiotics in manures among the farms. Breeding seasons also affected the prescriptions given to animals, judging from the wide variation in analytes in the manures collected from the same farm during different seasons (Figure 2(b) ). More tetracyclines and SD were applied to finishing pigs in winter to prevent and control gastrointestinal disorders and respiratory problems. In contrast, SMT and OFC are more frequently used in summer (Figure 2(b) ), and these applications were indicated by the levels in animal excretion [2] . Moreover, the mode of administration of medicines also differed among animal types during breeding, resulting in variation in the compounds present in manure from different swine types (Figure 2(c) and (d) ). Higher doses of antibiotics (especially those most frequently applied) appear to have been given to young pigs (Figure 2 (c) and (d) ). However, the excretion rate or metabolizable capacity by different organi-sms can also affect the occurrence of antibiotics in manures [39] .
Residues of the selected antibiotics in manure management
Manure management decisions made to hasten the degradation of antibiotics are very important in preventing medicines and metabolites from being directly or indirectly released into the environment [40] . Two manure administration methods (storage and vermiculture) were used on the studied farms for management of large quantities of manure. Unfortunately, these systems showed limited capability to reduce pollution levels of the main contaminants (TC, OTC, CTC, DXC and SD; other compounds were not considered here because of their lower detection rates). We found high levels of these chemicals remaining in the manure ( Figure  3 ). Storage time had little effect on degradation of antibiotics (compared with average values), except for OTC, perhaps because of variable detection of OTC in manure (the manure source utilized for storage may contain lower OTC, Figure 2 ). Similarly, Boxall [18] reported that tetracyclines have long half-lives of many months and are therefore likely to persist during manure storage. However, SD showed minimal metabolism during storage in contrast with its lower persistence during manure storage with a half-life of <30 d [18] . This may have been due to the properties of the manure (e.g., water content or redox status) or the dynamics of conversion between conjugates and parent compounds [18, 41] .
Vermiculture was expected to effectively deplete antibiotics through biological activity. However, high concentrations of the compounds also remained in the vermicompost (Figure 3(b) ). The greater degradation of CTC in the July 2009 sampling season may have been attributable to the lower doses of this medicine used in the summer breeding season (Figure 2 ) Another possible explanation for the effective dissipation of SD during vermiculture is that SD might migrate to other water bodies because of its weak adsorption [42] . Moreover, dilution can also affect the concentrations of veterinary antibiotics in vermicomposts, as other organic materials (e.g., straw) are usually added to the manure to promote vermicomposting.
Tetracyclines were also frequently detected in agricultural soils, implying their transfer from manure to soil (Table S2). CTC was the predominant contaminant despite the structural similarities of these compounds. This may have been due to their occurrence and stability in manure and soil [43] . CTC measured in the pear orchard and paddy field soils was higher than the soil trigger value (100 μg/kg) set by the Steering Committee of the Veterinary International Committee on Harmonization (VICH). This level was based on the ecotoxic effects of antibiotic compounds on a range of organisms. The low detection of sulfonamides (SD, SMX and SMT) in the agricultural soils we sampled is assumed to result from the mobility of these compounds in soil-water systems [40] . Relatively high detection of quinolones (NFC and OFC), comparing with their detection frequencies in manure, might be due to the adsorbability and stability of this class of antibiotic [44] . Concentrations of other antibiotics found in soil paralleled their detection levels in manure samples. In addition, differences in the concentrations we detected in the agricultural soils (Table S2 ) appeared to be due to differences in application rates of manure.
Evaluation of contribution of veterinary antibiotics from feeds
Most antibiotics utilized in animal husbandry are administered in feed, including prescription medicines and growth promoters [2] . The feeds we obtained from the selected farms were found to contain some of the target antibiotics investigated, with a range of average concentrations between 0.2 and 46.8 μg/kg (Table S3 ). The occurrence of the antibiotics in feces was likely to be a reflection of the animal feeds used, because of their high rate of excretion (up to 75% of the parent compound or metabolite) in the feces [2] . However, the predicted concentrations calculated on the basis of detection in animal feeds were much lower than the actual concentrations of veterinary antibiotics we found in the manure (Figure 4 ), indicating that another administration route may have been involved on these farms, such as injection or special oral treatment. This contrasts with the situation in developed countries, in which 80%-95.1% of veterinary antibiotics given to animals are administered as feed additives [2] . Antibiotic administration via medicated feeding stuffs and drinking water seems more practical because this mode of application allows the treatment of whole animal herds over extended periods of time [45] . In China, however, conventional practices may be different in animal feedlots, especially in small facilities because of poor management (Figure 2 , a reflection of drug application). Addition to feed was also conducted to prevent diseases such as gastrointestinal disorders and respiratory problems. However, a large proportion of drugs are applied to animals by injection or by other modes of oral application against epidemic diseases depending on breeding stage and season. Thus, the extremely high concentrations of antibiotics found in these manures were unlikely to be from daily feed applications but were from other administration modes; for the prevention of epidemic diseases. Greater attention needs to be given to the overall pattern medicine use on Chinese farms because a proportion of the antibiotics used will be removed in urine [2] . In China, this is always discharged to wastewater and separated from the manure. In fact, high levels of polluting antibiotics have often been found in swine wastewater [32] [33] [34] . Lower contamination levels of other compounds may be attributable to feed application only because of the similarities between actual concentrations and predicted values (Figure 4 ). In addition, lower concentrations of these compounds (compared with tetracyclines and SD) were also found in wastewaters from these farms [34] . Calculation was on the basis of the following formula
where CV is the calculated value in μg/kg; C ƒ is the average concentrations of antibiotics in swine feeds in μg/kg; D is the daily intake of feeds for swine in kg/d; referring to the "Breeding standard of swine" from the 
Conclusions
Fourteen antibiotics from five classes were detected at four swine farms at two sampling surveys in East China. The contaminants present in high concentrations were TC, OTC, CTC, DXC and SD, with maximum concentrations of the individual contaminants reaching 98. , and 7.1× 10 3 μg/kg, respectively. The ranges of these compounds in manure samples were in the same order of magnitude as have been previously reported in China. However, the actual occurrence of these compounds was dependent on breeding scale, animal type, and breeding season. Management such as manure storage and vermiculture cannot effectively reduce the pollution levels of the main contaminants effectively, resulting in high levels of these chemicals remaining in manure. The occurrence of these antibiotics in agricultural soils collected from four types of agricultural land near the farms was thus a reflection of manure application. Our comparison of the concentrations of veterinary antibiotics in manure and predicted concentrations calculated on the basis of detection in the animal feeds used, suggests that the contribution from feed consumption was small. High antibiotic contamination in solid samples was therefore resultant from antibiotics administered by other methods. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and source are credited. Table S1 Recovery and method detection limits (MDL a) ) in water Table S2 Occurrence of veterinary antibiotics in soil collected from four agricultural fields near the studied farms (µg/kg) Table S3 Occurrences of veterinary antibiotics in feeds collected from the studied farms (µg/kg)
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